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We present herein a review of our work on the on-line electrochemical generation of mass tags
toward cysteine residues in peptides and proteins. Taking advantage of the inherent
electrochemical nature of electrospray generated from a microfabricated microspray emitter,
selective probes for cysteine were developed and tested for on-line nonquantitative mass
tagging of peptides and proteins. The nonquantitative aspect of the covalent tagging thus
allows direct counting of free cysteines in the mass spectrum of a biomolecule through
additional adduct peaks. Several substituted hydroquinones were investigated in terms of
electrochemical properties, and their usefulness for on-line mass tagging during microspray
experiments were assessed with L-cysteine, peptides, and intact proteins. Complementarily,
numerical simulations were performed to properly understand the respective roles of mass
transport, kinetics of electrochemical-chemical reactions, and design of the microspray emitter
in the mass tagging overall efficiency. Finally, the on-line electrochemical tagging of cysteine
residues was applied to the analysis of tryptic peptides of purified model proteins for protein
identification through peptide mass fingerprinting. (J Am Soc Mass Spectrom 2004, 15,
1767–1779) © 2004 American Society for Mass SpectrometryIn the recent years, microsystems have received aspecial attention in analytical chemistry [1, 2]. Forexample, analytical separations such as capillary elec-
trophoresis (CE) [3, 4], two-dimensional electrokinetic
separations [5], liquid chromatography (LC) [6], reaction
and detection microchambers [7–9] have been imple-
mented in the microfluidic format. More recently, analyt-
ical microfluidic systems have caught interest in the par-
ticular field of proteomics [10, 11] because of the high
analytical constraints demanded by this field, namely the
low amount of sample usually available, the high com-
plexity of the initial protein mixture, and the need for
high-throughput analysis [12]. The potential success of
analytical systems also lies in the low production costs,
opening the way for single use and contamination-free
analytical devices. One particular category of microfluidic
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doi:10.1016/j.jasms.2004.08.006systems that shows promise in proteomics is microfabri-
cated micro- or nanospray emitters [13–20]. First, micro-
fabrication robustness and reproducibility make available
reliable micro- and nanospray emitters, with automation
possibilities [21]. Second, the design flexibility provided
by microfabrication allows the integration of different
analytical processes on the same microfluidic device prior
to delivery to the mass spectrometer, such as sample
preparation [22–24], analyte separation [25–27], proteo-
lytic digestion [9, 28], or even integration of the whole
process [29].
The electrochemical nature of electrospray (ESI) was
recognized in the early nineties [30], and experimentally
proven by anodic corrosion of metallic electrospray
capillaries. Since then, Van Berkel’s group and others
have comprehensively investigated the theoretical as-
pects of electrochemistry in electrospray [31–42] as well
as made significant advances in electrochemical flow
cell hyphenation with electrospray mass spectrometry
(ESI-MS) [37, 43–46], and electrochemical derivatization
strategies for analyte detection by ESI-MS [47–51].
Moreover, Bruins and coworkers have used EC-ESI-MS
to study or mimic biologically relevant electrochemical
reactions [52], such as phase I oxidative reactions in
drug metabolism [53] or cytochrome P450 catalyzed
reactions [54]. These analytical aspects of electrochem-
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1768 ROUSSEL ET AL. J Am Soc Mass Spectrom 2004, 15, 1767–1779istry-mass spectrometry have been recently reviewed
by Diehl and Karst [55, 56].
We have recently introduced a new strategy taking
advantage of the electrochemical nature of electrospray
to obtain more information from peptide and protein
mass spectrometry experiments: electrochemical mass
tags are infused through a microfabricated polymer
microspray, and undergo oxidation (in positive ioniza-
tion mode) or reduction (in negative ionization mode)
on the microspray microelectrode (to which the electro-
spray voltage is applied) to become reactive toward a
specific amino acid. In peptide and protein mass spec-
trometry, reactive nucleophilic amino acids, such as
lysine [57] and cysteine [58], were chemically tagged to
ease protein identification by peptide mass fingerprint-
ing. As 89.3% of human proteins and 17% of their
tryptic peptides possess at least one cysteine [59], the
proposed methodology was targeted toward cysteine
mass tagging. Based on recent works on the electro-
chemical detection of sulfides [60, 61], thiols [62], and
cysteine [63, 64] with quinone derivatives, we focused
on the potential use of electrogenerated benzoquinones
(coming from the oxidation of hydroquinones) able to
react specifically with cysteine residues during electro-
spray mass spectrometric measurements. We present
below a review of the different steps of the develop-
ment of on-line electrochemical probes for cysteine
mass tagging, from the proof of principle [65] to the
elucidation of the tagging reaction mechanism [66],
Figure 1. Scheme of the microfabrication proc
conductive track is first ablated (a), then filled
insulated with a lamination layer (c); a microch
be in contact with the conductive path and mak
the channel (e), resulting in the device shown incharacterization of the microspray design influence onthe tagging process [67], search for an optimal electro-
chemical probe [68], and final application to protein
identification [69].
Polymer Microspray Emitters for On-Line
Electrochemical Tagging
UV laser photoablation is a convenient process for the
prototyping of microfluidic polymer systems [70–78].
Recently, a polymer microspray was designed in our
laboratory with this process [17]. The microfabrication
scheme described in Figure 1 leads to a microspray
constituted of a microchannel (35  30 m2 and 3.5 cm
long, 2 cm from the electrode to the outlet) with an
integrated carbon microelectrode. The raw microchip is
then cut at its outlet into a triangular shape and placed
in front of the MS as described in Figure 2 to act as a
microspray emitter. The obtained microdevice was suc-
cessfully applied to the routine analysis of biomolecules
[17]. As the microelectrode integrated into the micro-
spray presents a large area (25  70 m2) compared
with the volume of the microchannel (around 35 nL),
reaching an electrode surface-to-volume ratio of 50 m1,
the microspray acts as an efficient electrolytic cell. Thus,
electrochemical reactions can easily occur at the inte-
grated microelectrode surface and be monitored on-line
by MS. As a first example, the possibility to tag the
single free cysteine moiety of the target protein -lac-
ased on UV laser photoablation. The electrode
carbon ink (b), cured and the chip is finally
is drilled on the other side of the chip so as to
icroelectrode (d), the chip is laminated to close
Reprinted with permission from [17].ess b
with
annel
e a mtoglobulin A was demonstrated using the polymer
microspray interface.
sion from [65].
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none together with the target protein [65]. The MS
spectrum recorded in a classic MS spray medium
(CH3OH/H2O/CH3COOH: 50/49/1%) presents two
peak distributions corresponding to the signals of both
tagged and untagged protein, confirming the presence
of a single free cysteine within the protein, as shown in
Figure 3. The electrochemically induced tagging was
first described to follow a general electrochemical-
chemical-electrochemical (ECE) mechanism shown in
Scheme 1. However, direct mass spectrometric investi-
gation of the tagging reaction with the polymer micro-
spray on a low-resolution mass spectrometer (LCQ Duo
from Thermo Electron, San Jose, CA, in our case) did
not allow to completely confirm the proposed mecha-
nism, in particular the occurrence of the second oxida-
tion step, which could be completely suppressed during
the infusion experiment due to the short residence time
of the biomolecule-hydroquinone adduct over the mi-
croelectrode (see numerical investigations below). In
order to gain information on the electrochemical and
chemical steps kinetics and to provide a good tagging
reagent, the tagging of L-cysteine 3a= by several hydro-
quinones 1a-e was first studied by electrochemical
methods.
Electrochemical Tagging of L-Cysteine
Electrochemical Investigations of Tagging
Reactions
The electrochemical probes under study were substi-
tuted hydroquinones 1 bearing electrodonating, neutral
or withdrawing groups inducing distinct electrochemi-
cal properties and chemical reactivities of the electro-
generated benzoquinones 2 (Scheme 1) toward L-cys-
teine and cysteine residues in peptides and proteins:
lobulin A with hydroquinone 1c, in undegassed
ed and tagged protein. Reprinted with permis-Figure 2. (a) Picture of the polymer microspray sandwiched in
the microchip holder, allowing connection to an infusion capillary
with low dead-volume connections and to the power supply for
electrospray voltage delivery. (b) Scheme of operation of theFigure 3. On-line electrochemical tagging of -lactog
conditions, showing the peak distributions of untagg
1770 ROUSSEL ET AL. J Am Soc Mass Spectrom 2004, 15, 1767–17792-methoxyhydroquinone 1a, 2-methylhydroquinone 1b
(electrodonating), hydroquinone 1c (neutral) and 2-car-
boxymethylhydroquinone 1d, 2-nitrohydroquinone 1e
(withdrawing). First, Compound 1e was found to elec-
tropolymerize readily as previously mentioned in the
literature [79] and was thus excluded from the study.
Hydroquinones 1a–d/benzoquinones 2a–d proved to
be stable at the cyclic voltammetry (CV) time scale
(Figure 4, thin lines). The long-term stability of these
compounds was checked by UV and 1H NMR studies
[68]. From an electrochemical point of view, the hydro-
quinone CVs are irreversible, exhibiting a slow elec-
trode kinetic process. Moreover, CV of pure L-cysteine
3a= revealed the nonelectroactive character of this com-
pound in the experimental conditions [66, 68]. The
electrochemical tagging of L-cysteine by hydroquinones
1a–dwas then investigated by cyclic voltammetry in the
MS spray medium: the CVs obtained with pure hydro-
quinones (oxidation current intensity Ip
0) were com-
pared with those of the same hydroquinones in the
presence of L-cysteine (oxidation current intensity Ip).
Scheme 1. Mechanism of the electrochemical-chemical-electro-
chemical tagging of a cysteine moiety by hydroquinone deriva-
tives.As shown in Figure 4, the decrease or even disappear-ance of the benzoquinone signals were attributed to
their reaction with L-cysteine 3a= and the relative cur-
rent increase Ip/Ip
0 (in presence/absence of L-cysteine
3a=) was explained by the oxidation of the formed
adducts 4aa=–da= (second oxidation step in Scheme 1),
occurring at a similar potential as the initial hydroqui-
none 1a–d oxidation.
As the first electrochemical step involves a slow elec-
tron transfer, the kinetic constant of the homogeneous
chemical step could not be accessed by standard tech-
niques [80, 81]. In order to determine the homogenous
kinetic constant k corresponding to the chemical addition
of electrogenerated benzoquinones 2a–d onto L-cysteine
3a=, digital simulations of the hydroquinones 1a–d CVs in
the presence of L-cysteine 3a= were performed using
DigiSim software [82, 83] and compared to experimental
CVs as shown in Figure 5a for hydroquinone 1c. To obtain
more accurate values of the different kinetic constants k,
the evolutions of the Ip/Ip
0 ratios versus the CVs scan rate
were fitted to the experimental data, as shown in Figure 5b
for hydroquinone 1c. The value of kwas found to increase
from 1a to 1d (see Table 1) [66, 68]. This result could easily
be explained by the fact that the coupling reaction in-
volves a nucleophile (L-cysteine 3a=): in that case, the
presence of an electron donor group such as CH3 or CH3O
increases the electronic density on the benzoquinone ring
and is expected to decrease its reactivity toward L-cysteine
addition. In contrast, the presence of an electroattracting
group such as COOCH3 should result in a reverse effect.
Moreover, the addition of L-cysteine 3a= was found by 1H
NMR to occur at different positions (see Table 1), depend-
ing on the nature of the substituent R1. Consequently,
site-specific kinetic constants were derived from the global
k based on 1H NMR results, in agreement with the
predicted electron delocalization effect induced by the
substituent group. In summary, the worst hydroquinone
is 2-methoxyhydroquinone 1a whereas the most efficient
is 2-carboxymethylhydroquinone 1d. The kinetic behavior
of the different hydroquinones determined by electro-
chemical methods was then further compared with the
experimental on-line electrochemical tagging of L-cysteine
during MS analysis.
ESI-MS On-Line Electrochemical Tagging
of L-Cysteine
Based on the previously described electrochemical be-
havior of the different hydroquinones 1a–d, the effi-
ciency of the on-line electrochemical tagging during
infusion through the polymer microspray was investi-
gated with L-cysteine 3a=. In all cases, two peaks were
clearly observed in the mass spectrum, for both the
untagged and tagged L-cysteine, as shown in Figure 6.
The ratios of peak intensities tagged/(untagged 
tagged) were found to follow the order 1b  1c  1a 
1d, as summarized in Table 2. Once corrected for
ionization efficiencies (in particular for hydroquinone
1a), the tagging efficiencies were found to be in good
with
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[68]. The selectivity of hydroquinone probes 1a–d to-
ward L-cysteine was further confirmed by infusion of
other nucleophilic amino acids (serine, threonine, lysine
[68]  and cysteine-free peptides and proteins [69]),
which never gave any observable adducts. In this
case again, 2-carboxymethylhydroquinone 1d proved to
be the best candidate for on-line electrochemical tag-
ging of cysteine. Once determined, the electrochemical
properties of hydroquinones 1a–d and the chemical
kinetic constants of the addition of L-cysteine on
electrochemically generated benzoquinones 2a–d, the
influence of mass transport, labeling probe and target
physical properties and microspray design on overall
tagging efficiency were investigated by numerical
Figure 4. Cyclic voltammograms of the differe
presence (bold line) of L-cysteine 3a=. Reprintedsimulations.Numerical Studies of Tagging Reactions
A numerical model of the electrochemical tagging
involving an electrolytic flow cell like the one used
for the ESI experiments was developed. A compari-
son was done with the results obtained for the
electrochemical tagging of -lactoglobulin A with
hydroquinone 1c [65]. This model was also used to
correlate the on-line electrochemical tagging within
the microspray experiments with the kinetics ob-
tained by electrochemical studies [68]. The problem
was described according to the literature [84, 85] by
Scheme 2, where A, B, X, C, E represent, respectively,
hydroquinones 1, benzoquinones 2, labeling targets
containing cysteine residues 3, the formed adducts 4,
droquinones 1a–d in the absence (thin line) and
permission from [68].nt hyand the reoxidised adduct forms 5. This corresponds
1772 ROUSSEL ET AL. J Am Soc Mass Spectrom 2004, 15, 1767–1779to an EC2XE mechanism where the homogeneous
reaction (2) is characterized by the kinetic constant k.
In this model, based on a microband electrode, the
electrochemical reactions were assumed to be rapid
(only limited by diffusion) due to the high overpo-
tentials induced by the galvanostatic mode used for
the experiments. They are also assumed to occur by a
one-electron process. The kinetic constants of the two
redox reactions (1) and (3) were maintained in a ratio
kox/kred of 1000 in order to establish an oxidation
regime at the electrode (Scheme 2).
The convection diffusion reaction (see eq 1) of the
five species (A, B, X, C, E) was studied in a 2-D cross
section geometry according to Figure 7 (for more de-
tails, see [67]).
ci
div(D gradc V.c )R (1)
Figure 5. (a) Simulated (a) and experimental (b) voltammograms
of hydroquinone 1c in the presence of L-cysteine 3a=. (b) Fitting of
the simulated Ip/Ip
0 curves to the experimental data for a: 500
M1s1, b: 210 M1s1, and c: 50 M1s1. Reprinted with permis-
sion from [66].t
i i i iwhere ci is the concentration of specie i, Di is its
diffusion coefficient, V is the fluid velocity and Ri is the
rate of generation or consumption of the specie I
following the kinetics of reactions (1–3). The finite
element formulation, implemented on the Flux-Expert
software [86], was first compared with the existing
results from literature [67]. Many parameters such as
the geometry of the microspray, the type of flow profile
(such as a flat profile as in electro-osmotic flow or a
parabolic profile as in hydrodynamic flow), the diffu-
sion coefficient of the target 3 (X) as well as the kinetic
constant for the reaction between benzoquinone 2 (B)
and target 3 (X) were studied. As illustrated in Figure 8a
for the experimental channel length (x 7.9 mm, i.e., 80
xe), a relatively low rate constant such as k  0.210
mM1s1 (210 M1s1) [66] was high enough to obtain
a significant tagging yield. For this low value of chem-
ical rate, the microchannel should be long enough to
provide a suitable residence time (here t  2s) to let the
species react before reaching the Taylor cone. For a
shorter channel (x  500m, i.e., 5 xe), Figure 8b
describes the evolution of the concentration of the
tagging products C and E (at the end of the channel)
versus the rate constants k. For this low residence time
value (t 0.125 s), a rate constant k of 330 mM1s1 (3.3
105 M1s1) is needed to obtain a tagging yield of 90%.
To take into account the nature of the molecule to tag
(i.e., L-cysteine, cysteine containing peptides and pro-
teins), the influence of the diffusion coefficient of the
target molecule X was studied. It was shown that a low
diffusion coefficient value for X does not affect the
concentrations of the species A (hydroquinones), B
(electrogenerated benzoquinones), or CE (adducts),
because the target X concentration is initially uniform.
The only diffusion coefficient that plays an important
role is the one of B (electrogenerated benzoquinones),
because it is the only species that is generated in a
boundary layer (which diffuses progressively from the
electrode surface to the entire microchannel for suffi-
cient residence times). Consequently, in the frame of the
model assumptions, the resulting tagging yields are
independent of the nature of the target biomolecule,
especially if A and B are in relative high concentration
toward X (i.e., A/X ranging from 100 to 1000 in the
experimental conditions).
Table 1. Kinetic constants of the addition of the different
hydroquinones 1a–d on L-cysteine 3a= (see Scheme 1 for the
position numbering)
Hydroquinone 1a 1b 1c 1d
Kinetic constant k (M1s1) 50 50 210 5000
Addition on position 2 (%) — — 25 —
Addition on position 3 (%) 2 2 25 85
Addition on position 5 (%) 47 26 25 2
Addition on position 6 (%) 53 74 25 13
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Application to Protein Identification
The first direct application of the on-line electrochemi-
cal tagging was to directly count the number of cysteine
Figure 6. MS spectra of L-cysteine 3a= delive
microspray in the presence of the different h
2-methylhydroquinone 1b, (c) hydroquinone 1
with permission from [68].
Table 2. Tagging yields of the different hydroquinones 1a–d
on L-cysteine 3a=, peptide 3b= and protein 3g= as measured from
the mass spectra
Hydroquinone 1a 1b 1c 1d
MS tagging yield of
L-Cysteine 3a=1
87% 63% 76% 99%
MS tagging yield of
peptide 3b=2
55% 24% 22% 56%
MS tagging yield of
-lactoglobulin A 3g=3
27 to 52%4 26% 23% 31%
1Ratio hydroquinones 1a–d/L-cysteine 3a=: 20 mM/0.2 mM, from [68].
2Ratio hydroquinones 1a–d/peptide 3b=: 20 mM/50 M, from [69].
3Ratio hydroquinones 1a–d/-lactoglobulin A 3g=: 5 mM/5 M, from
[68].
4The tagging yield was found to increase from 27 to 52% in 80 minutes
of infusion.residues within a given peptide. Several synthetic pep-
tides (from 6 to 11 amino acids long) containing up to
three cysteines were infused together with hydroqui-
nones 1a–d and the resulting adducts analyzed by mass
spectrometry. For peptides containing one and two
cysteines, clear adduct peaks were identified in the
o the mass spectrometer through the polymer
quinones: (a) 2-methoxyhydroquinone 1a, (b)
) 2-carboxymethylhydroquinone 1d. Reprinted
Scheme 2. Definition of the electrochemical-chemical-electro-
chemical reactions implemented in the numerical model (A are the
hydroquinones 1, B the electrogenerated benzoquinones 2, X thered t
ydro
c, (dlabel target 3, C the adduct, and E the oxidized adduct).
1774 ROUSSEL ET AL. J Am Soc Mass Spectrom 2004, 15, 1767–1779mass spectrum, the number of which corresponds ex-
actly to the number of cysteines in the analyzed pep-
tides only with 2-carboxymethylhydroquinone 1d [69,
87]. In the most challenging experiment, the peptide 3e=
(KCTCCA) which contains three cysteine residues (two
of which are consecutive) gave clearly identifiable ad-
duct peaks only when labeled with hydroquinone 1d, as
shown in Figure 9. Hydroquinone 1c, for example, did
not prove a tagging of all cysteine residues. One strik-
ing observation is the decrease of the apparent tagging
yields obtained with 1d when switching from L-cys-
teine (99%) to peptides (56%) and proteins (31%, as
measured from spectra in Figure 10), as shown in Table
2. One possible explanation could be steric hindrance,
as surrounding amino acids in peptides can alter the
general accessibility and reactivity of cysteines; the case
is even worse for proteins, where structural features
(such as hydrophobic pockets) can still be present in
organic solvents at low pH, as is the case for -lacto-
globulin A [88, 89], thus reducing the probe accessibility
to specific amino acid residues. Nevertheless, it can also
be hypothesized that these differences in apparent
tagging yields may originate from kinetic limitations:
all on-line tagging experiments were performed with an
electrospray current around 120 nA, meaning that the
concentration of electrogenerated benzoquinones on the
microelectrode was the same, whereas the concentra-
tion of the target varied from 200 M (for L-cysteine)
down to 50 M (for experiments on peptides) and 5
M. It is thus possible that the tagging yield observed at
the end of the microchannel was dictated by kinetic
limitations only. This last point has still to be confirmed
by further experimental investigations.
After the demonstration of an efficient tagging on
cysteine containing peptides, the obvious further step
was to evaluate the potential of the mass tagging
technology for protein identification through peptide
mass fingerprinting. To confirm that the newly devel-
oped mass tagging methodology is relevant to protein
identification through peptide mass fingerprinting, a
model experiment was designed with purified proteins:
the protein was first chemically reduced and digested
by trypsin; the resulting peptides were separated by
RP-HPLC at high flow rate and fractions were collected.
2-carboxymethylhydroquinone 1d was then added to
the fractions prior to delivery to the mass spectrometer
Figure 7. Definition of the 2-D geometry used for the numerical
simulations. Reprinted with permission from [67].through the polymer microspray. Both untagged andtagged peptide masses were acquired. SwissProt data-
base was then searched using whether Mascott (http://
www.matrixscience.com/) [90], with or without the
specification of the number of cysteine residues per
peptide read directly from MS spectra. For a model
protein possessing a large number of cysteines such as
bovine serum albumin (BSA), a Mascott score of 81
(the uncertainty threshold being 66) and a protein
sequence coverage of 74% were obtained without infor-
mation on cysteine content. When the number of cys-
teine is specified for each tryptic peptide containing
some cysteine residues, the score rises to 206, thus
showing the potential of the mass tagging approach for
protein identification through peptide mass fingerprint-
ing [69].
Figure 8. (a) Influence of the channel length compared to the
microband electrode length on the tagging yield (at a fixed
microspray length of x  7.9 mm), for simulated electro-osmotic
flow (EOF) or pressure driven flow (PDF). (b) Dependency of the
concentrations of targets X, formed adducts C, and reoxidized
products E versus the homogenous rate constant k, for a short
microspray (x  500 m). Reprinted with permission from [67].
h per
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First, further validation of the on-line mass tagging of
cysteine residues is needed to fully evaluate the
technology for protein identification, namely, its use
for simple protein mixtures. To push the technology a
step further (i.e., to the analysis of more complex
protein mixtures) it will be necessary to investigate
the effect of the benzoquinone tag on the fragmenta-
tion behavior of labeled peptides. Moreover, refined
strategies for the data selective automated fragmen-
tation of peptides during LC runs of tryptic peptides
will be needed, to exploit the full potential of the
mass tag technology in conjunction with peptide
sequence acquisition. Possible new directions include
the development of additional electrochemical
Figure 9. MS spectra obtained for the infus
hydroquinones 1c (a) and 1d (b). Reprinted witprobes, specific for other amino acids or for particulargroups (for example, phosphorylated amino acids
after elimination of the phosphate group). Comple-
mentarily, quantitative mass tags would be interest-
ing in the field of quantitative proteomics at the
protein level. One could then envision the differential
analysis of two different samples through the use of
microfabricated dual microsprays.
Conclusions
We have shown herein the potential use of the inherent
electrochemistry of electrospray for the generation of
cysteine-specific probes for mass tagging of peptides and
proteins. After a thorough investigation of the electro-
chemistry and chemistry of tagging reactions, numerical
of peptide 3e= (KCTCCA) with the different
mission from [87].ionsimulations were performed to characterize the influence
tions
1776 ROUSSEL ET AL. J Am Soc Mass Spectrom 2004, 15, 1767–1779of the electrochemical flow cell (constituted by the micro-
spray microchannel) size and homogeneous reaction ki-
netics on the tagging efficiency. Finally, potential applica-
tion of this new technology to protein identification
through peptide mass fingerprinting was presented. Be-
sides this particular application, our approach shows the
interest of microfabricated electrochemical flow cells to
hyphen electrochemistry with mass spectrometry. Unlike
commercial electrochemical cells, microfabricated cells
can be easily prototyped and their design adapted to a
particular application. Moreover, the use of micro dimen-
sions allows to properly control the mass transport phe-
nomena and electrochemical reactions above microelec-
trode surfaces.
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